The presynaptic protein ␣-synuclein has a central role in Parkinson's disease (PD). However, the mechanism by which the protein contributes to neurodegeneration and its normal function remain unknown. ␣-Synuclein localizes to the nerve terminal and interacts with artificial membranes in vitro but binds weakly to native brain membranes. To characterize the membrane association of ␣-synuclein in living neurons, we used fluorescence recovery after photobleaching. Despite its enrichment at the synapse, ␣-synuclein is highly mobile, with rapid exchange between adjacent synapses. In addition, we find that ␣-synuclein disperses from the nerve terminal in response to neural activity. Dispersion depends on exocytosis, but unlike other synaptic vesicle proteins, ␣-synuclein dissociates from the synaptic vesicle membrane after fusion. Furthermore, the dispersion of ␣-synuclein is graded with respect to stimulus intensity. Neural activity thus controls the normal function of ␣-synuclein at the nerve terminal and may influence its role in PD.
Introduction
Genetic studies have implicated the protein ␣-synuclein in the pathogenesis of Parkinson's disease (PD). Mutations in ␣-synuclein cause a rare autosomal-dominant form of PD (Polymeropoulos et al., 1997; Kruger et al., 1998; Zarranz et al., 2004) . However, the protein also accumulates in Lewy bodies and dystrophic neurites of idiopathic PD, suggesting an important pathogenic role for ␣-synuclein even in the absence of inherited mutations (Spillantini et al., 1998a,b; Galvin et al., 1999) . The recent demonstration that a simple increase in dosage of the ␣-synuclein gene can cause PD further supports a role for the wild-type protein in the idiopathic disorder (Singleton et al., 2003) . However, the circumstances that trigger a pathogenic role for wild-type ␣-synuclein and indeed its normal function remain unclear.
Considerable work has suggested a role for ␣-synuclein in neurotransmitter release. Neurons deficient in ␣-synuclein show a reduction in the reserve pool of synaptic vesicles required for the response to repeated stimulation (Murphy et al., 2000; Cabin et al., 2002) . Other studies using knock-out mice have not detected changes in hippocampal synaptic physiology (Abeliovich et al., 2000; Chandra et al., 2004) but rather, increases in dopamine release (Abeliovich et al., 2000; Yavich et al., 2004) .
Consistent with a role in neurotransmitter release, ␣-synuclein localizes to the nerve terminal (Jakes et al., 1994; Iwai et al., 1995; Withers et al., 1997) . Originally identified as a result of its association with synaptic vesicles (Maroteaux et al., 1988) , ␣-synuclein lacks a transmembrane domain or lipid anchor and has been considered a peripheral membrane protein. Indeed, ␣-synuclein binds to artificial membranes in vitro by adopting an ␣-helical conformation (Davidson et al., 1998; Jo et al., 2000; Eliezer et al., 2001; Chandra et al., 2003) . ␣-Synuclein also associates with axonal transport vesicles, lipid droplets, and yeast membranes (Jensen et al., 1998; Cole et al., 2002; Outeiro and Lindquist, 2003) . However, ␣-synuclein behaves almost entirely as a soluble protein in brain extracts (Maroteaux and Scheller, 1991; Jakes et al., 1994; Iwai et al., 1995) , raising questions about the mechanism of synaptic localization in vivo. We found recently that an interaction with membrane microdomains known as lipid rafts is required for the localization of ␣-synuclein to the nerve terminal (Fortin et al., 2004) . The PD-associated A30P mutation specifically disrupts both raft association and the synaptic localization of ␣-synuclein (Fortin et al., 2004) . All of these studies have, however, relied on biochemical approaches or steadystate localization in fixed cells, limiting the scope of analysis and conclusions.
To characterize the kinetic behavior of ␣-synuclein in a physiological context, we used live cell imaging of green fluorescent protein (GFP)-tagged proteins expressed in dissociated hippocampal neurons. Fluorescence recovery after photobleaching (FRAP) experiments show that the localization of ␣-synuclein at the nerve terminal is highly dynamic, with rapid exchange of the protein between neighboring synapses. However, the mobility of wild-type ␣-synuclein is distinctly slower than that of GFP alone and the PDassociated A30P mutant, which is not enriched at the nerve terminal (Fortin et al., 2004) . The slowed recovery of wild-type ␣-synuclein indicates that transient, rapidly reversible interactions account for the steady-state localization of ␣-synuclein to the synapse. We also find that neural activity results in the graded dispersion of ␣-synuclein from synapses, and dispersion requires synaptic vesicle exocytosis, not simply calcium entry. Unlike other synaptic vesicle proteins (Sankaranarayanan and Ryan, 2000; Li and Murthy, 2001 ), however, ␣-synuclein does not accumulate in the perisynaptic region after membrane fusion, indicating that it dissociates from synaptic membranes after exocytosis. Thus, neural activity controls both the synaptic localization and membrane association of ␣-synuclein.
Materials and Methods
Plasmids. The plasmid encoding GFP-synaptic vesicle protein 2 (GFP-SV2) was the generous gift from C. Waites (Stanford University, Palo Alto, CA). Subcloning of wild-type and mutant ␣-synuclein as well as synapsin I into enhanced GFP vectors (Clontech, Palo Alto, CA) has been described previously (Chi et al., 2001; Fortin et al., 2004) .
Hippocampal cultures and transfections. Dissociated hippocampal cultures containing glia were prepared from embryonic day 18.5 rats, plated on glass coated with 50 g/ml poly-D-lysine, and maintained in Neurobasal medium supplemented with B27, Glutamax I (Invitrogen, San Diego, CA), penicillin, and streptomycin (Higgins and Banker, 1998) . Hippocampal neurons were transfected at 7 d in vitro using Effectene (Qiagen, Valencia, CA). One-half of the culture medium was replaced at the time of transfection and then 1 week later. Cells were imaged at 15-21 d in vitro. Where indicated, neurons were treated with 10 nM tetanus toxin (List Biologicals, Campbell, CA) for 16 h before imaging and with 5 M epoxomicin for 15 h before imaging (Ehlers, 2003) .
Immunofluorescence. At 15-21 d in vitro, neuronal cultures were fixed in PBS containing 4% paraformaldehyde. Cells were permeabilized, blocked, and stained in PBS containing 0.05% saponin, 5% cosmic calf serum (Hyclone, Logan, UT) with antibodies to ␣-synuclein (BD Biosciences, San Diego, CA), synapsin I (Synaptic Systems, Goettingen, Germany), and vesicular glutamate transporter 1 (VGLUT1) (Chemicon, Temecula, CA). Secondary antibodies conjugated to FITC, cyanine 3 (Cy3), or Cy5 were obtained from Jackson ImmunoResearch (West Grove, PA). Fluorescence was visualized and images acquired on a Zeiss (Oberkochen, Germany) LSM 510 confocal microscope using a 63ϫ oil objective [numerical aperture (NA), 1.4].
Fluorescence recovery after photobleaching. Neurons were imaged at 18 -21 d in vitro with a Zeiss LSM510 confocal microscope and a 63ϫ oil immersion objective (NA, 1.4) in Tyrode's solution (in mM: 119 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES-NaOH, pH 7.4, 30 glucose) containing 10 M CNQX and 50 M AP-5. Physiological temperature was maintained at 37°C on a heated stage, and individual cultures were imaged for Յ2 consecutive hours. Transfected neurons were identified under epifluorescence and imaged using the 488 nm line of the argon laser. Emitted light was collected using a 505 long-pass filter. To increase the depth of field and collect light from the entire synapse, the pinhole was set to 2.5 m. During image collection, laser power was maintained at 0.3-2% to reduce photobleaching. After collecting the first image, laser power was increased to 100% and a single synapse bleached by five consecutive scans. Laser power was then restored to 0.3-2%, and 40 images were collected every 400 ms. Fluorescence in the bleached area was quantified using the Zeiss LSM510 software and converted to relative fluorescence, with the initial fluorescence defined as 100% and that after bleaching as 0%. Data are shown are mean Ϯ SEM.
Electrical stimulation and epifluorescence microscopy. Transfected neurons were imaged at 15-21 d in vitro with an inverted epifluorescence Nikon (Tokyo, Japan) microscope and 60ϫ oil objective (NA, 1.4) at room temperature in a closed, laminar flow chamber containing platinum electrodes (Warner Instruments, Hamden, CT). Action potentials were elicited using an A310 Accupulser (World Precision Instruments, Sarasota, FL) at 10 Hz with 1 ms bipolar current pulses yielding fields of 5-10 V/cm across the chamber after acquisition of the fifth image. Samples were illuminated using a Xenon lamp (Sutter Instruments, Novato, CA) with a 492/18 nm excitation filter and 513-547 nm bandpass emission filter (Chroma, Rockingham, VT), and images were acquired every 6 s on a CCD camera (Hamamatsu, Bridgewater, NJ) using on-chip 2 ϫ 2 pixel binning. Stimulation, filter wheels, shutter, and camera were controlled by MetaMorph software (Universal Imaging, Downington, PA). Fluorescence in 4 ϫ 4 pixels regions, manually placed on the center of individual synapses, was quantified, baseline values averaged from the first five frames (before stimulation), and the dynamics of GFP-tagged proteins expressed as fractional fluorescence change. Data shown are mean Ϯ SEM.
Results
Transient, rapidly reversible interactions localize ␣-synuclein to the synapse At steady-state, ␣-synuclein exhibits synaptic enrichment similar in extent to that observed for polytopic membrane proteins of the synaptic vesicle such as VGLUT1 (Fig. 1 A) (Withers et al., 1997; Fortin et al., 2004; Specht et al., 2005) . To understand how this protein, which does not contain a transmembrane domain or known lipid anchor, localizes to the nerve terminal, we studied the dynamics of ␣-synuclein in live hippocampal neurons. Transfection of hippocampal neurons with human ␣-synuclein fused at its N terminus to enhanced GFP (GFP-␣-synuclein) leads to a modest ϳ50% overexpression compared with untransfected cells as determined by quantitative immunofluorescence using an an- Figure 1 . Steady-state enrichment of ␣-synuclein at the synapse. A, Endogenous ␣-synuclein colocalizes with VGLUT1 at the synapses of cultured hippocampal neurons. In the overlay images, ␣-synuclein and VGLUT1 are pseudocolored green and red, respectively. Colocalized ␣-synuclein and VGLUT1 appear yellow in the overlay. Scale bars: top, 20 m; bottom, 4 m. B, GFP-␣-synuclein (GFP-␣syn) localizes to the synapses of transfected rat hippocampal neurons. Transfection leads to a modest ϳ50% increase in the expression of total ␣-synuclein (synuclein) detected using an antibody that recognizes both rat and human proteins. GFP-␣-synuclein is pseudocolored green in the overlay, whereas total ␣-synuclein (transfected and endogenous) is red. Scale bar, 6 m.
tibody that recognizes both rat and human proteins: 1545 Ϯ 39 arbitrary fluorescence units (AFU) in transfected cells (n ϭ 320 boutons from eight different neurons) versus 1050 Ϯ 21 AFU in untransfected cells (n ϭ 409 boutons from the same eight fields). This level of overexpression does not perturb the enrichment of either human or endogenous rat ␣-synuclein at the nerve terminal of transfected neurons (Fig. 1 B) . In addition, the overexpression does not appear to affect the development of transfected neurons or the localization of other presynaptic proteins including synaptophysin, SV2, synapsin, and VGLUT1 (data not shown). The synaptic localization of GFP-␣-synuclein also strongly suggests that the GFP fusion does not influence the behavior of ␣-synuclein or its interactions at the nerve terminal. Other N-terminal tags such as glutathione S-transferase or the calmodulin-binding protein CBP do not interfere with the membrane binding of ␣-synuclein in vitro and do not change the requirement for acidic phospholipid headgroups or the ␣-helical transition of synuclein during membrane binding (Perrin et al., 2000; Kubo et al., 2005) . Although we cannot completely exclude some difference from the untagged protein that has eluded detection in vitro and in vivo, GFP-␣-synuclein thus appears to serve as an accurate, nondisruptive reporter for the endogenous protein.
To assess the mobility of ␣-synuclein in live cells, we used FRAP (Lippincott-Schwartz et al., 2001 ). After photobleaching GFP-␣-synuclein at a single synapse, we observed rapid fluorescence recovery in the bleached region ( Fig. 2 A) , suggesting that wild-type human ␣-synuclein is highly mobile in hippocampal neurons, an unexpected finding given its strong synaptic enrichment. No fluorescence recovery was observed after photobleaching fixed neurons, confirming that the conditions used here irreversibly bleach GFP-␣-synuclein and that recovery results from the movement of unbleached molecules into the bleached area (data not shown). In addition, fluorescence recovery at the bleached synapse was typically accompanied by a decrease in fluorescence at neighboring boutons (24.3 Ϯ 0.8%; n ϭ 57 boutons), consistent with adjacent synapses acting as the source of mobilized GFP-␣-synuclein (Fig. 2 A) . Recovery after photobleaching was best fit with a single exponential, supporting the behavior of GFP-␣-synuclein as a homogeneous population. GFP-␣-synuclein thus exchanges rapidly between neighboring synapses.
Rapid recovery after photobleaching makes it unlikely that ␣-synuclein remains tightly associated with synaptic vesicles. Synaptic vesicles can exhibit mobility within a single terminal under certain conditions (Henkel et al., 1996) , but there is no precedent for their movement between terminals at rest (Henkel et al., 1996; Kraszewski et al., 1996) . However, spontaneous, sustained network activity can lead to the mixing of synaptic vesicles between terminals (Li and Murthy, 2001 ). To exclude activitydependent vesicle mobility as a cause for the rapid recovery of ␣-synuclein, we used the glutamate receptor antagonists CNQX and AP-V in the FRAP experiments described above. In addition, we measured the recovery after photobleaching of a GFP fusion to SV2, an integral membrane protein of synaptic vesicles (Lowe et al., 1988) . The fluorescence of GFP-SV2 does not recover from Figure 3 . GFP-␣-synuclein has no immobile fraction. A, To assess a possible immobile fraction of ␣-synuclein, individual boutons were bleached consecutively, and the extent of recovery normalized to the fluorescence observed at the start of each bleach. The extent of fluorescence recovery for GFP-␣-synuclein (␣syn) remains the same after the second bleach, excluding an immobile fraction. In contrast, the recovery of synapsin (syp) increases after the second bleach, consistent with an immobile fraction. B, The extent of recovery for GFP-␣-synuclein after bleach 1 and 2 (filled) falls on a line with slope ϳ1, confirming a similar extent of recovery after both bleaches and no immobile fraction. In the case of synapsin (open), however, the ratio of recovery exceeds 1, indicating a larger recovery after the second bleach and hence an immobile fraction.
Figure 2. ␣-Synuclein interacts transiently with synaptic components. A, A single, isolated hippocampal bouton expressing GFP-␣-synuclein was photobleached at high laser power, and recovery was monitored every 400 ms thereafter. GFP-␣-synuclein recovers rapidly after photobleaching. The two synapses outside the bleached box show a reduction in fluorescence during recovery of the bleached region. The color scale is shown to the right. Scale bar, 2 m. B, The intensity of fluorescence at the bleached synapse was quantified and expressed as a percentage of initial fluorescence, with fluorescence after the bleach defined as zero. GFP (green) and GFP-A30P (blue) recover with similar, rapid kinetics after photobleaching, consistent with their behavior as soluble proteins. In contrast, GFP-␣-synuclein (red) recovers more slowly, indicating a distinct but rapidly reversible interaction with synaptic components. GFP-synapsin (GFPsyp; purple) recovers more slowly than ␣-synuclein, consistent with a higher affinity for synaptic vesicles. GFP-SV2 (black) does not recover after photobleaching, indicating that synaptic vesicles do not exchange between synapses, at least during this time scale. Data shown are averages Ϯ SEM of 30 -40 boutons per construct.
photobleaching in the time course of these experiments (Fig. 2 B) , consistent with the relative immobility of synaptic vesicles. The rapid recovery of ␣-synuclein after FRAP thus excludes the tight association of ␣-synuclein with synaptic vesicles. A fusion of GFP to synapsin I, another peripheral membrane protein associated with synaptic vesicles, also recovers more slowly from photobleaching than ␣-synuclein. The FRAP recovery kinetics thus indicates that ␣-synuclein binds more weakly to synaptic vesicles than synapsin (Fig. 2B) (Phair and Misteli, 2001) .
Despite its rapid recovery after photobleaching, wild-type ␣-synuclein recovers more slowly than GFP alone. The slower recovery of GFP-␣-synuclein does not reflect its larger mass, because a fusion of GFP to the PD-associated A30P ␣-synuclein (GFP-A30P), which has essentially the same molecular weight as GFP-␣-synuclein, recovers as rapidly as GFP alone (Fig. 2 B) . The recovery kinetics of GFP-A30P is consistent with its lack of synaptic enrichment and its behavior as a soluble protein in neurons (Fortin et al., 2004) . The synaptic localization of wildtype ␣-synuclein thus reflects rapidly reversible interactions that enable exchange of the protein between adjacent synapses. Nonetheless, these transient interactions are sufficient for the steady-state enrichment of wild-type ␣-synuclein at the nerve terminal, and their disruption by the A30P mutation eliminates synaptic localization.
To determine whether a small fraction of ␣-synuclein might be immobile, we have assessed the extent as well as the rate of recovery after photobleaching. GFP and GFP-A30P do not recover fully after photobleaching, presumably reflecting the limited local pool of protein from which recovery can occur (Elson and Qian, 1989) . The extent of their recovery (ϳ80%) was therefore considered the maximal recovery for a soluble protein. The reduced recovery of GFP-␣-synuclein (ϳ70%) relative to that of GFP and GFP-A30P suggests that a small proportion (ϳ10%) of the protein may be immobile (Fig. 2B) . To assess more accurately the existence of an immobile fraction, we repeatedly photobleached the same synapse. In the case of a true immobile fraction, a second photobleach will be followed by more complete recovery than the first photobleach, because the fluorescence is normalized to that observed at the start of each bleach, thereby eliminating the contribution of the immobile fraction to recovery from the second bleach (Lippincott-Schwartz et al., 2003) . In the case of GFP-synapsin, recovery is substantially greater after the second photobleach (Fig. 3) , suggesting the presence of a significant immobile fraction. In contrast, the fluorescence of GFP-␣-synuclein recovers to the same extent after the first and second photobleach (Fig. 3) , excluding a significant immobile fraction and indicating that the entire pool of protein is mobile and can exchange between adjacent synapses. . ␣-Synuclein disperses in response to depolarization. A, Neurons were fixed (rest), depolarized with 45 mM KCl and immediately fixed (stimulated), or depolarized followed by a 10 min recovery (recovery) before fixation. Synaptic boutons were identified by VGLUT1 staining and are indicated with arrowheads. Similar to synapsin, endogenous ␣-synuclein disperses from boutons after depolarization. Unlike synapsin, however, ␣-synuclein does not accumulate in the axon (arrows) after stimulation. Ten minutes after recovery, synapsin has reclustered in the synaptic terminal and colocalizes with VGLUT1. ␣-Synuclein does not reaccumulate at the synapse in this timeframe.Scalebar,2m.B,Atrest,GFP-␣-synucleinisenrichedatsynapticboutonsanddispersesduringstimulationwith600action potentials(AP)deliveredat10Hz.Minimalreclusteringoftheproteinhasoccurredby5min(recovery).Thecolorscaleisshowntotheright. Scale bar, 2 m. C, No dispersion of ␣-synuclein occurs during stimulation with 600 AP in calcium-free medium (gray). After stimulation in the absence of calcium, the cells were washed in calcium-containing medium for 10 min and were then restimulated (red). The dispersion of ␣-synuclein thus depends on calcium entry. The traces are the average Ϯ SEM dispersion at 30 synapses from one representative cell. D, Average dispersion of GFP-␣-synuclein during sequential stimulation in calcium-free and calcium-containing medium. Mediumwasexchangedduringa10minrestseparatingthetwostimulationrounds.ErrorbarsindicateSEM.pϽ0.0001,Student'sttest; n ϭ 138 synapses from three cells.
Neural activity disperses ␣-synuclein from synaptic boutons
Neural activity modulates the localization of multiple synaptic proteins. For example, synapsin disperses from the synapse early in the course of stimulation, suggesting dissociation from synaptic vesicles before their fusion with the plasma membrane (Chi et al., 2001 (Chi et al., , 2003 . Similarly, depolarization of hippocampal neurons with high K ϩ influences the distribution of ␣-synuclein observed in fixed cells. Before stimulation, endogenous ␣-synuclein concentrates at synaptic boutons where it colocalizes with synapsin and VGLUT1 (Fig. 4 A, rest) . Depolarization with high K ϩ results in the loss of ␣-synuclein from synaptic boutons (Fig. 4 A, stimulated, arrowheads) . Unlike synapsin, however, ␣-synuclein does not increase substantially in the axon after stimulation (Fig. 4 A, stimulated, arrows) , and synaptic ␣-synuclein does not recover within 10 min after cessation of the stimulus (Fig. 4 A, recovery, arrowheads) .
To characterize the activity-dependent dispersion of ␣-synuclein, we imaged the GFP fusion in living hippocampal neurons. Similar to the endogenous protein, the amount of GFP-␣-synuclein at the synapse decreases by ϳ20% after a 600 action potentials stimulus (Fig. 4 B-D) . GFP-␣-synuclein does not appear to accumulate in the axon, and very little returns to the boutons after the stimulus has stopped (Fig. 4 B, C) . The loss of synaptic GFP-␣-synuclein produced by activity depends on external calcium (Fig. 4C,D) , indicating a requirement for calcium entry. GFP and GFP-A30P show no change in fluorescence after stimulation, consistent with their behavior as soluble proteins and supporting the significance of the dispersion observed for GFP-␣-synuclein (Fig. 5A) . The PD-associated A53T mutant, which localizes normally to the nerve terminal (Fortin et al., 2004) , exhibits the same activity-dependent dispersion as wildtype ␣-synuclein (Fig. 5B) .
The kinetics of dispersion differs for the two peripheral membrane proteins synapsin and ␣-synuclein (Fig. 5A) . The activitydependent dispersion of ␣-synuclein appears somewhat slower than that of synapsin (Fig. 5A) (Chi et al., 2001 ). ␣-Synuclein may thus disperse at a later step during the evoked release of neurotransmitter. In addition, the synaptic fluorescence of GFP-synapsin rapidly recovers to prestimulation levels, whereas GFP-␣-synuclein recovers only in part, resulting in the net loss of GFP-␣-synuclein from the nerve terminal (Fig. 5A) .
Exocytosis triggers the dispersion of ␣-synuclein
What triggers the dispersion of ␣-synuclein from the nerve terminal? The stringent requirement for calcium indicates that dispersion of ␣-synuclein occurs after action potential invasion in the terminal (Fig. 4C,D) . The dispersion of synapsin also requires calcium entry and results from phosphorylation by calcium/calmodulin-dependent protein kinase II before exocytosis (Chi et al., 2001 ). However, the delay in movement of ␣-synuclein relative to synapsin suggests that ␣-synuclein may disperse at a later step in the exocytic process. We therefore assessed dispersion of ␣-synuclein in neurons pretreated with tetanus toxin, which blocks the regulated exocytosis of synaptic vesicles without affecting calcium influx. Because the dispersion of synaptic vesicle proteins requires fusion of synaptic vesicles with the plasma membrane and subsequent diffusion along the surface of the axon (Sankaranarayanan and Ryan, 2000; Li and Murthy, 2001) , tetanus toxin substantially reduces the dispersal of GFP-SV2 (Fig. 6 A) . Tetanus toxin treatment also impairs the dispersion of ␣-synuclein (Fig. 6 A) , indicating that the exocytic event itself triggers the movement of ␣-synuclein. The similar dependence on exocytosis presumably accounts for the similar kinetics of SV2 and ␣-synuclein dispersion from the synapse (Fig. 5A) . In contrast, the dispersion of synapsin is unaffected by tetanus toxin (Fig. 6 A) , consistent with its release from synaptic vesicles before exocytosis (Chi et al., 2001) .
The extent of synaptic vesicles exocytosis, the time course of endocytosis, and the reclustering of synaptic vesicles are regulated by the duration of a stimulus (Sankaranarayanan and Ryan, 2000; Li and Murthy, 2001) . To determine whether the extent of ␣-synuclein dispersion from the terminal or the time course of recovery also depends on stimulus duration, we varied the length of the 10 Hz pulse, in effect delivering different numbers of action potentials. Stimulation with a larger number of action potentials increases the average extent of ␣-synuclein dispersion from synaptic boutons (Fig. 6 B) . This may reflect the increasing probability of all-or-none dispersion from individual boutons. Alternatively, the extent of ␣-synuclein dispersion at individual boutons may be graded, reflecting a fixed amount of dispersion per action potential. Figure 6C indeed shows that the dispersion of ␣-synuclein within individual terminals is graded rather than bimodal. The amount of ␣-synuclein at the nerve terminal thus reflects the level of previous synaptic activity.
␣-Synuclein dissociates from the synaptic vesicle membrane after fusion
Where does ␣-synuclein go after exocytosis? The failure to observe a significant increase in axonal ␣-synuclein after stimulation raised the possibility that the protein is degraded in an activity-dependent manner. However, Western analysis showed that the total amount of ␣-synuclein does not change after depolarization of untransfected neurons (data not shown). Arguing further against a role for protein degradation, pretreatment of neurons with the proteasome inhibitor epoxomicin does not affect the activitydependent loss of GFP-␣-synuclein from the nerve terminal. Treated boutons show a decrease in fluorescence of 24.8 Ϯ 1.1% (⌬F/F 0 ) after 600 action potentials (n ϭ 107 boutons from three cells), in the same range as the decrease in fluorescence observed in untreated cells (Figs. 4, 5) .
Over the entire field, quantification of GFP-␣-synuclein fluorescence indicates a modest 1.9 Ϯ 0.4% reduction in fluorescence (Fig. 7B) , similar in extent to that observed for stimulation of neurons expressing GFP and GFP-A30P (6.4 Ϯ 0.4 and 6.6 Ϯ 0.5% decrease, respectively) but significantly smaller than the stimulationinduced dispersion of GFP-␣-synuclein observed at boutons (18.3 Ϯ 0.5% decrease) (Figs. 4, 7) . Thus, the total amount of GFP-␣-synuclein does not change with stimulation, supporting rapid diffusion away from the synapse rather than degradation or secretion.
Because the dispersion of ␣-synuclein requires synaptic vesicle exocytosis and follows kinetics similar to that of SV2, ␣-synuclein may behave like a typical membrane protein of the synaptic vesicle, inserting into the plasma membrane after exocytosis and spreading laterally into the perisynaptic area before recycling into newly formed synaptic vesicles that eventually recluster in the bouton (Sankaranarayanan and Ryan, 2000; Li and Murthy, 2001) . During a train of 600 action potentials, the fluorescence of both SV2 and ␣-synuclein in the center of the bouton declines to a similar extent (21.6 Ϯ 0.9% decrease for SV2, n ϭ 105 boutons from three cells; 24.3 Ϯ 0.8% decrease for ␣-synuclein, n ϭ 163 boutons from four cells) and with similar kinetics (Fig. 7A) . In the case of SV2, this decrease in fluorescence over the bouton is accompanied by an equivalent increase in fluorescence over the perisynaptic region (13.5 Ϯ 0.9% increase for each of the two perisynaptic areas surrounding a bouton; n ϭ 184 perisynaptic areas from three cells) (Fig. 7A) . Synaptic vesicle recycling then redistributes the accumulated perisynaptic fluorescence back to the center of the bouton (Fig. 7A) . In contrast, the activity-dependent dispersion of ␣-synuclein is not accompanied by an equivalent accumulation in the perisynaptic area (0.38 Ϯ 0.52% increase; n ϭ 308 perisynaptic areas from four cells), suggesting that the protein does not remain associated with the plasma membrane after synaptic vesicle exocytosis (Fig. 7A) . Rather, ␣-synuclein appears to dissociate from its binding site after exocytosis, behaving like a soluble protein that rapidly diffuses away from the bouton. We regularly observed a transient, small, stimulation-induced increase in the perisynaptic fluorescence of ␣-synuclein (Fig. 7A) , presumably reflecting the rapid movement of soluble ␣-synuclein into the axonal cytoplasm.
Discussion
␣-Synuclein exhibits enrichment at the nerve terminal equivalent to that of an integral membrane protein of synaptic vesicles, but the kinetic analysis in live neurons using FRAP indicates that it is extremely mobile, exchanging rapidly between adjacent synapses. We cannot detect even a small fraction of immobile ␣-synuclein by sequential photobleaching, whereas the peripheral membrane protein synapsin exhibits a significant immobile fraction. Nonetheless, the recovery of wild-type ␣-synuclein from photobleaching is slower than that of the A30P mutant. Because A30P-␣-synuclein behaves as a soluble protein not enriched at the nerve terminal (Fortin et al., 2004) , we conclude that the slowed recovery of wild-type ␣-synuclein reflects the interactions that under- Figure 6 . The dispersion of ␣-synuclein depends on exocytosis and shows a graded response to increasing numbers of action potentials (AP). A, The average maximal dispersion after 600 AP in cells expressing GFP-␣-synuclein (GFP␣syn), GFPSV2, or GFP-synapsin (GFPsyp) either with or without tetanus toxin pretreatment. Tetanus toxin greatly reduces the activity-dependent dispersion of ␣-synuclein and GFP-SV2. In contrast, tetanus toxin does not affect the dispersion of synapsin, consistent with its dissociation before synaptic vesicle exocytosis. Error bars indicate SEM. *p Ͻ 0.0001, Student's t test; n Ͼ 140 boutons from four to nine cells for each construct and treatment. B, Average maximal dispersion of ␣-synuclein increases with the number of action potentials, all delivered at 10 Hz. Error bars indicate SEM (n Ͼ 80 boutons from 3-5 cells for each of the different stimulus durations). C, Frequency histograms of GFP-␣-synuclein dispersion. The number of boutons exhibiting different levels of dispersion at the end of the stimulus is plotted as a function of initial fluorescence binned in 5% increments. Increasing AP number produces greater dispersion, and the distributions show a graded rather than all-or-none, bimodal response.
lie its synaptic localization. Thus, transient interactions are sufficient for the precise steady-state localization of ␣-synuclein to the nerve terminal.
Live cell imaging enables us to reconcile previous conflicting reports about the membrane interactions of ␣-synuclein. ␣-Synuclein binds to a number of artificial membranes in vitro, in particular those containing phospholipids with an acidic head group (Davidson et al., 1998; Jo et al., 2000; Eliezer et al., 2001 ). However, ␣-synuclein shows very little if any membrane association in native brain extracts (Maroteaux and Scheller, 1991; Jakes et al., 1994; Iwai et al., 1995) . Although we cannot exclude some difference between the behavior of GFP-␣-synuclein and the untagged protein, our demonstration that GFP-␣-synuclein exhibits only transient interactions in live neurons is consistent with these observations. Presumably, the conditions used in vitro, for example the absence of other protein, drive the binding of ␣-synuclein to artificial membranes, whereas the high concentration of other cytoplasmic proteins present in cells make these interactions transient and difficult to preserve during biochemical fractionation of native extracts. In contrast, FRAP experiments can detect low-affinity interactions that mediate the synaptic localization of ␣-synuclein in vivo.
Can transient interactions account for the observed enrichment of ␣-synuclein at the synapse? Rapid association and dissociation has been demonstrated previously to underlie the steadystate localization of histones to stable compartments within the nucleus (Phair and Misteli, 2000) . Low-affinity interactions between cytoplasmic domains of proteins are also sufficient to form and maintain stable compartments of the endoplasmic reticulum (Snapp et al., 2003) . Thus, readily reversible, low-affinity interactions can create apparently stable cellular structures. However, they also confer potential for rapid regulation. Indeed, we find that neural activity regulates the synaptic localization of ␣-synuclein.
Although several synaptic proteins have been reported to redistribute into the axon in response to stimulation, our results show that the behavior of ␣-synuclein is unique. The activitydependent dispersion of ␣-synuclein is slower than that of another peripheral membrane protein, synapsin. Although calcium entry is required for the dispersion of both ␣-synuclein and synapsin, tetanus toxin only blocks the dispersion of ␣-synuclein. Thus, in contrast to synapsin, which disperses after calcium entry but before synaptic vesicle fusion (Chi et al., 2001 ), ␣-synuclein disperses during or after fusion. Integral membrane proteins of the synaptic vesicle such as synaptobrevin (Sankaranarayanan and Ryan, 2000; Li and Murthy, 2001 ) and SV2 (this study) also disperse after exocytosis, diffusing along the axonal membrane, but unlike these proteins, ␣-synuclein does not accumulate in the perisynaptic region or the axon. Rather, the disappearance of ␣-synuclein from the bouton and its absence from the perisynaptic region indicate that it dissociates from the membrane after fusion and rapidly diffuses away. Indeed, stimulation does not alter the localization of GFP or A30P-␣-synuclein, confirming that dispersion of ␣-synuclein involves a disruption of membrane binding.
Unlike synapsin and integral synaptic vesicle membrane proteins, ␣-synuclein does not reaccumulate at the nerve terminal within 10 min after stimulation. Synaptic vesicles reform within at least 20 -60 s after exocytosis (Gandhi and Stevens, 2003; Fernandez-Alfonso and Ryan, 2004) , indicating that their disappearance cannot account for the failure to recover synaptic ␣-synuclein. Interestingly, ␣-synuclein is considered to behave as a natively unfolded protein in solution (Weinreb et al., 1996) and may not require ubiquitination for degradation by the proteasome (Tofaris et al., 2001; Snyder et al., 2003) , raising the possibility that rapid proteolysis accounts for the disappearance of synaptic ␣-synuclein after stimulation. However, we cannot detect a decrease in the level of the endogenous protein by Western analysis after neuronal stimulation. In addition, inhibition of the proteasome does not block the stimulation-induced dispersion of GFP-␣-synuclein or promote its reclustering after stimulation. Furthermore, the analysis of total GFP-␣-synuclein fluorescence (over axons as well as boutons) shows no significant decline with stimulation, indicating that the loss of ␣-synuclein from synapses is balanced by its appearance elsewhere. Thus, the lack of recovery after stimulation presumably reflects rapid diffusion to distant sites. The low affinity of ␣-synuclein for synaptic components may contribute to this relatively unimpeded diffusion and also to the lack of recovery. In addition, we do not know whether ␣-synuclein remains ␣-helical or unfolds after dissocia- Figure 7 . ␣-Synuclein dissociates from synaptic vesicles during exocytosis. A, The activitydependent dispersion of GFP-SV2 (SV2; filled squares) from synaptic boutons is accompanied by an increase in fluorescence in the perisynaptic area (filled circles). After endocytosis and the reclustering of synaptic vesicles, the fluorescence of GFP-SV2 returns to the center of the bouton. In contrast, GFP-␣-synuclein (␣syn) does not accumulate perisynaptically (open circles) during dispersion from the bouton (open squares), consistent with its dissociation from the membrane after synaptic vesicle exocytosis. A small, brief increase in perisynaptic fluorescence follows the onset of stimulation and may reflect the rapid diffusion of GFP-␣-synuclein away from the bouton. The inset indicates the regions used for quantification of fluorescence at the center of the bouton and in the perisynaptic area. The traces are averages Ϯ SEM from one representative cell for each construct (n ϭ 30 boutons for SV2 and 75 boutons for ␣-synuclein). B, Average integrated fluorescence intensity of GFP-␣-synuclein over the entire field declines by 1.8 Ϯ 0.4% after 600 action potentials (AP). Please note the difference in scale from A. The trace shows average Ϯ SEM fluorescence (n ϭ 5 fields).
tion from the membrane, and this may influence its ability to rebind synaptic vesicles and hence to recluster.
We have observed the dispersion of ␣-synuclein from the bouton after strong stimulation (600 action potentials). However, smaller numbers of action potentials also produce easily detectable dispersion. The loss of ␣-synuclein from the terminal thus correlates with the extent of stimulation, suggesting a physiological role for the activity-dependent dispersion. Consistent with this, ␣-synuclein inhibits refilling of the readily releasable synaptic vesicle pool, and this effect diminishes with repeated stimulation (Abeliovich et al., 2000; Yavich et al., 2004) . In particular, ␣-synuclein knock-out mice exhibit immediate, strong facilitation in response to high-frequency stimulation that does not appear in wild-type animals until after one or two previous trains of 600 action potentials each (Yavich et al., 2004 ). Because we have demonstrated that this amount of stimulation is sufficient to disperse ␣-synuclein, the observation that wild-type animals begin to behave like ␣-synuclein knock-outs after stimulation may simply reflect the loss of ␣-synuclein from wild-type terminals. The effects of ␣-synuclein on transmitter release presumably reflect the amount of protein remaining at the nerve terminal.
Activity may influence the role of ␣-synuclein in PD. Because ␣-synuclein has a central role in PD but inherited mutations are rare, activity-dependent changes in ␣-synuclein have the potential to influence triggering of the sporadic disorder. For example, membrane association has been reported to modulate the tendency of ␣-synuclein to aggregate (Narayanan and Scarlata, 2001; Perrin et al., 2001; Cole et al., 2002; Lee et al., 2002) . The dissociation of ␣-synuclein from the membrane after exocytosis may thus regulate its aggregation and toxicity. Interestingly, mice lacking the DJ-1 gene implicated in familial PD exhibit a defect in dopamine release (Goldberg et al., 2005) , which may influence the predisposition to degeneration by affecting the dispersion of ␣-synuclein. In addition, smoking protects against PD, presumably through the action of nicotine (Gorell et al., 1999; Tanner et al., 2002; Quik, 2004) . Nicotine activates ionotropic receptors at the nerve terminal to cause the exocytic release of dopamine (McGehee et al., 1995; Zhou et al., 2001 ). Thus, nicotine may protect against PD by causing the dispersion of ␣-synuclein.
